Influenza is one of the most common infectious diseases endangering the health of humans, especially young children and the elderly. Although vaccination is the most effective means of protection against influenza, frequent mutations in viral surface antigens, low protective efficacy of the influenza vaccine in the elderly, slow production process and the potential of vaccine supply shortage during a pandemic are significant limitations of current vaccines. Adjuvants have been used to enhance the efficacy of a variety of vaccines; however, no adjuvant is included in current influenza vaccines approved in the United States. In this study, we found that a novel adjuvant, rOv-ASP-1, co-administrated with inactivated influenza vaccine using an aqueous formulation, substantially improved the influenza-specific antibody response and protection against lethal infection in a mouse model. rOv-ASP-1 enhanced the magnitude of the specific antibody response after immunization with low doses of influenza vaccine, allowing antigensparring by 10-fold. The rOv-ASP-1 formulated vaccine induced a more rapid response and a stronger Th1-associated antibody response compared to vaccine alone and to the vaccine formulated with the adjuvant alum. Importantly, rOv-ASP-1 significantly enhanced cross-reactive antibody responses and protection against challenge with an antigenically distinct strain. These results demonstrate that rOv-ASP-1 is an effective adjuvant that: (1) accelerates and enhances the specific antibody response induced by influenza vaccine; (2) allows for antigen sparing; and (3) augments a Th1-biased and cross-reactive antibody response that confers protection against an antigenically distinct strain.
Introduction
Seasonal and pandemic influenza virus infections affect millions of people worldwide. Up to 20% of the world population may suffer from influenza any given year [1] . To prevent influenza, the trivalent Abbreviations:
rOv-ASP-1, recombinant Onchocerca volvulus activationassociated secreted protein-1; HAU, hemagglutination unit. inactivated influenza vaccine (TIV) has been widely used. While TIV can prevent influenza illness in up to 80% of healthy adults (<65 years of age) [2] , their efficacy can be very low in years when influenza strains in the vaccine are not matched with circulating viruses due to antigenic drift and shift. Thus, generation of crossreactive antibodies is important for developing a better influenza vaccine. In addition, TIV is not effective in the aged population; the protection rate in the elderly (≥65 years) can be as low as 30-40% even when the vaccine-induced antibodies are specific for the circulating influenza strain [2] .
The use of adjuvants is a proven approach to enhancing the immunogenicity and protective efficacy of vaccines. Adjuvants have also been shown to enhance cross-reactive responses [3] . Furthermore, enhancement of immune responses by adjuvants can allow for antigen sparing, i.e., use of a lower dose of antigen that is still effective. Use of smaller amounts of antigen reduces vachttp://dx.doi.org/10.1016/j.vaccine.2014.03.046 0264-410X/© 2014 Elsevier Ltd. All rights reserved. Fig. 1 . Effect of rOv-ASP-1 on the primary antibody response after immunization with different doses of influenza vaccine. B6 mice were vaccinated with different doses (0.15, 0.3, 1.5, 3 g) of TIV with and without 20 g rOv-ASP-1. Influenza-specific antibodies (IgG, IgG1, and IgG2c) in the plasma at weeks 2 and 3 after immunization were determined by ELISA using TIV as antigen. Limitation of detection (LOD) is 250. The experiments were repeated 2 times (3-4 mice/group each time) with similar results. * p < 0.05, comparing TIV vs TIV + rOv-ASP-1 at each dose of vaccine. cine cost, and more importantly allows more people to receive the vaccine when supply of vaccine antigen is limited [4, 5] . This is particularly relevant for influenza vaccines since its production in eggs is a long process (6 months) that cannot meet a sudden demand for large quantity of vaccine during an outbreak or pandemic.
At present, there are very few adjuvants commercially available for clinical use in humans [6] . Aluminum salt (alum) is the first and only adjuvant approved in the United States for general use in vaccines [7, 8] . During the 1960 s and 1970s, influenza vaccines commercially available in both the United States and Europe were alum-adsorbed. However, alum was removed from influenza vaccine formulations in the United States in the early 1980s because it only marginally enhances the antibody response while having increased adverse reactions, particularly in children [9] [10] [11] [12] .
One protein with adjuvant potential is the Onchocerca volvulus activation-associated secreted protein (Ov-ASP-1) [13] . Recent studies have demonstrated that recombinant Ov-ASP-1 (rOv-ASP-1) is a powerful immunostimulatory adjuvant using ovalbumin, HIV-1 polypeptide, SARS-CoV peptide and subunit antigens, and several commercially available vaccines [14] [15] [16] [17] . It promotes a balanced Th1/Th2 antibody response and a Th1-biased cellular response to several vaccine antigens [14, 15] . In this study, we have demonstrated in a mouse model that rOv-ASP-1 not only substantially enhanced the magnitude of the specific antibody response after immunization with low doses of influenza vaccine, but also accelerated the antibody responses. Furthermore, rOv-ASP-1 significantly enhanced both cross-reactive antibody responses and protection against challenge with an antigenically distinct strain. Our results demonstrate that rOv-ASP-1 is a promising adjuvant that can be used with inactivated influenza vaccine, enabling both vaccine antigen sparing and enhanced protection against influenza infection.
Materials and methods

Animals
Six to eight-week-old female C57BL/6 (B6) mice purchased from Jackson Laboratories (Bar Harbor, Maine) were used for all experiments. All mice were maintained in AAALAC-approved barrier facilities at Drexel University (Philadelphia, PA) and allowed to acclimate for at least one week in the animal facilities prior to use. All animal procedures performed in this study were conducted with the approval of the IACUC of Drexel University. Comparison of rOv-ASP-1 and alum in inducing influenza-specific antibody responses after primary immunization with influenza vaccine. B6 mice were vaccinated with 0.3 g of TIV alone or TIV combined with 20 g rOv-ASP-1 or 1.2 mg alum. Titers of influenza-specific antibodies (IgG, IgG1, and IgG2c) in plasma at week 2 after immunization were determined by ELISA using TIV as antigen. Data is the combination of up to 6-12 mice/group from 2 to 3 independent experiments with similar results. * p < 0.05.
Immunization
The TIV used is FLUARIX (2010-2011 Formula) from Glaxo-SmithKline and BEI Resources (http://www.beiresources.org) that contains hemagglutinin (HA) from each of the following three influenza viruses: A/California/7/2009 NYMC X-181(H1N1); A/Victoria/210/2009 NYMC X-187(H3N2); and B/Brisbane/60/2008. Mice were immunized intramuscularly (i.m.) with different doses of TIV, TIV mixed with purified rOv-ASP-1 [16] (20 g/mouse), or TIV mixed with Imject Alum (Thermo Scientific, 1.2 mg/mouse).
Influenza virus and challenge
Influenza A/Puerto Rico/8/34 (PR8; H1N1) virus strain was propagated in specific pathogen-free fertile chicken eggs. Groups of 3-5 mice were challenged intranasally (i.n.) on day 21 post primary immunization or after a secondary immunization. Mice were anesthetized intraperitoneally with 2 mg ketamine and 0.15 mg xylazine and inoculated i.n. with 400 × TCID 50 of PR8 [18, 19] . Infected mice were weighed daily and those that lost >25% of their initial body-weight were euthanized according to institutional IACUC guidelines.
ELISA for total IgG, IgG1, and IgG2c
The influenza-specific antibody response was measured by ELISA as previously described [15, 20] . Unlike BALB/c mice, B6 mice do not have an IgG2a gene, but express a different Th1 antibody IgG2c which cross-reacts with antibody to IgG2a [21] [22] [23] . Therefore, IgG2a was used to provide a relative measure of IgG2c levels as described previously [24, 25] . In some experiments, purified HA of PR8 used for coating was provided by BEI Resources. The end point titer of antibody was defined as the reciprocal of the highest dilution of plasma giving an optical density (OD) greater than 2 times that of a naïve mouse plasma sample.
Statistical analysis
The unpaired, two-tailed Student's t-test was used to determine if the difference in immune responses between groups of mice was significant. Survival rates were analyzed by the log-rank (Mantel-Cox) test. Antibody titers are expressed as mean ± SEM. Results were considered statistically significant when the p value was less than 0.05.
Results
rOv-ASP-1 enhances antibody responses to low doses of influenza vaccine
To determine if rOv-ASP-1 could enhance the influenza-specific antibody response, B6 mice were immunized with 0.15, 0.3, 1.5, or 3 g of each HA of TIV with or without 20 g rOv-ASP-1. As shown in Fig. 1 , at both weeks 2 and 3 after immunization, rOv-ASP-1 significantly enhanced total IgG responses in plasma compared to immunization with TIV alone with each dose of vaccine (p < 0.05). Importantly, the level of IgG after immunization with 0.3 g plus rOv-ASP-1 was comparable to that induced by 3 g TIV alone at both week 2 and 3 (p > 0.05), demonstrating that with the addition of rOv-ASP-1 a 10-fold lower dose of vaccine could be utilized to generate a strong total IgG response.
To further characterize the antibody responses, we measured titers of IgG1 (Th2-type) and IgG2 (Th1-type) induced by immunization. IgG1 titers were not significantly changed with addition of rOv-ASP-1 at either week 2 or 3. In contrast to IgG1, the IgG2c responses were significantly enhanced by rOv-ASP-1 with 0.3, 1.5, and 3 g of the vaccine at week 2, and with 0.15, 0.3, and 1.5 g at week 3 (p < 0.05). These results show that addition of rOv-ASP-1 can significantly enhance influenza-specific total IgG and Th1-type IgG2c antibody responses compared to vaccine alone.
rOv-ASP-1 induces a stronger Th1-associated influenza-specific antibody response compared to the conventional adjuvant alum
Alum is the only adjuvant licensed in the United States for general use in humans [8] . It strongly promotes a Th2-type, but not a Th1-type, associated antibody response [7, 26, 27] . Our results above show that rOv-ASP-1 enhances predominantly the Th1-type IgG2c response. Importantly, a recent study suggested that the Th1 response induced by influenza vaccine plays a more important role in protection against influenza [28] . Therefore, we compared the abilities of rOv-ASP-1 and alum to enhance the Th1 (IgG2c) and Th2 (IgG1) antibody responses after immunization with TIV. B6 mice were immunized with TIV + rOv-ASP-1 or TIV + alum; two weeks after immunization titers of total IgG, IgG1, and IgG2c in plasma were determined by ELISA (Fig. 2) . Both rOv-ASP-1 and alum significantly enhanced total IgG levels compared to TIV alone (p < 0.05) with no significant difference in total IgG between rOv-ASP-1-vaccinated and alum-vaccinated mice (p > 0.05). The level of IgG1 antibody was significantly higher in TIV + alum group than both TIV alone and TIV + rOv-ASP-1 groups (p < 0.05). Notably, only TIV + rOv-ASP-1, but neither TIV + alum nor TIV alone, induced a significant IgG2c response to influenza vaccine. These results demonstrate that rOv-ASP-1 enhances both total IgG and IgG1 responses similar to alum, but elicits a significant influenza-specific IgG2c that is not seen with either TIV alone or with alum in primary immunization.
rOv-ASP-1 accelerates the influenza-specific antibody response after immunization
After immunization with inactivated influenza vaccine, it usually takes about two weeks to generate an antibody response. As such, the levels of influenza-specific total IgG in plasma were undetectable at week 1 after immunization with TIV alone. However, the production of influenza-specific IgG was significantly accelerated upon immunization with TIV + rOv-ASP-1 and was readily detectable at week 1 (Fig. 3A and B) . Interestingly, the titer of total IgG in the TIV + rOv-ASP-1 group at week 1 was similar to that of the TIV alone group at week 2 (TIV + rOv-ASP-1 vs TIV: p > 0.05) (Fig. 3B ). These results demonstrate that when coadministered with influenza vaccine, rOv-ASP-1 can significantly accelerate influenza-specific IgG production after a primary immunization. 
rOv-ASP-1 enhances a cross-reactive antibody response
To test whether rOv-ASP-1 could enhance a cross-reactive antibody response, B6 mice were immunized with 0.3 g TIV or TIV + rOv-ASP-1, then boosted with the same vaccine they originally received. The cross-reactive responses were determined by ELISA in which the plates were coated with inactivated PR8 virus. PR8 H1N1 virus is antigenically distinct compared to the 3 viral strains in the FLURIX 2010-2011 vaccine. Cross-reactive antibodies were not detected up to 3 weeks after primary immunization in any group (data not shown). However, cross-reactive IgG antibody was found at week 3 after secondary immunization with TIV + rOv-ASP-1 (Fig. 4A ). The levels of IgG against PR8 H1N1 virus in the TIV + rOv-ASP-1 group were significantly higher (>10-folds, p < 0.05) than those of the TIV alone group (Fig. 4B) .
We next sought to determine if cross-reactive antibodies elicited by TIV + rOv-ASP-1 were specific for internal viral proteins or epitopes on HA that were conserved between PR8 H1N1 and the NYMC X-181 H1N1 vaccine strain. We performed additional ELISAs using plates coated with purified PR8 HA, instead of PR8 virions that share internal proteins, such as NP, with the vaccine strains. Similar to data from ELISAs coated with PR8 virions in Fig. 4A and B , no cross-reactive antibody was detected after primary immunization, while cross-reactive IgG to purified PR8 HA was found at week 2 after secondary immunization with TIV + rOv-ASP-1, but not with TIV alone (Fig. 4C) . The titer of total IgG reactive to purified PR8 HA was significantly higher in the TIV + rOv-ASP-1 group than in the TIV alone group (p < 0.05, Fig. 4D ). All plasma samples isolated after both primary and secondary immunization were hemagglutination inhibition (HAI) assay negative by using PR8 H1N1 virus (data not shown), indicating no cross-reactive antibodies directed against the receptor binding domain of the HA globular head region. Together, these results show that rOv-ASP-1 enhances generation of cross-reactive antibody responses and these cross-reactive antibodies are targeted against HA epitopes conserved across influenza virus strains.
rOv-ASP-1 enhances the protective efficacy of influenza vaccine against challenge with an antigenically distinct strain
The ability of rOv-ASP-1 to enhance the cross-protective efficacy of influenza vaccine against influenza virus challenge was examined after single immunizations and prime-boost immunizations. B6 mice were immunized with TIV with or without rOv-ASP-1, and three weeks later were challenged with PR8 virus. Infected mice in all three groups (TIV, TIV + rOv-ASP-1, and PBS control) exhibited significant morbidity as indicated by loss of weight ( Fig. 5A ). However, only mice from the group that had received TIV with rOv-ASP-1 gradually recovered. Eighty percent of the mice in the TIV + rOv-ASP-1 group survived, whereas all mice vaccinated with TIV alone and PBS control succumbed to infection by Day 9 (Fig. 5B ). This recovery suggests that while the primary immune response was not sufficient to totally prevent influenza infection, a level of immunity was generated that limited the infection.
To test whether or not a protective response could be achieved, mice that received two immunizations (boosted three weeks after primary immunization) were challenged with PR8 three weeks after the second immunization. Mice boosted with TIV + rOv-ASP-1 lost about 15% of their weight at the peak of infection around Day 7, and regained all lost weight by Day 10 after challenge (Fig. 5C ). In addition, all mice boosted with TIV + rOv-ASP-1 survived challenge, compared to 80% survived with one immunization (Fig. 5D ). The survival rates were significantly increased in TIV + rOv-ASP-1 group compared with either TIV alone (40%) or PBS group (10%). Together, these results clearly demonstrate that rOv-ASP-1 can significantly enhance the cross-protective efficacy with a low dose of influenza vaccine after both primary and booster immunizations.
Discussion and conclusions
There are very few adjuvants approved by the FDA and commercially available for use in humans in the United States [6] . Recently, a protein with adjuvant properties, named rOv-ASP-1, has been discovered from the helminth parasite O. volvulus. It is a member of a family of proteins found in both free-living and parasitic nematodes [13] . The recombinant protein has a molecular weight of 24.9 kD and also has angiogenic activity in mice [13] . Our present study demonstrates that rOv-ASP-1 is a powerful adjuvant with immunogenic characteristics that may help overcome limitations of current influenza vaccines. rOv-ASP-1 significantly enhanced total IgG responses compared to immunization with TIV alone at each dose of influenza vaccine tested in our mouse model. Importantly, a low dose of vaccine administered with rOv-ASP-1 induced the total IgG response to a level as high as, if not higher than, immunization with 10 times higher dose of vaccine alone. These results demonstrate the potency of rOv-ASP-1 as an adjuvant to enhance the IgG response to TIV and to allow for dose sparing of TIV antigen. Antigen sparing is crucial when there is a pandemic influenza outbreak because the slow process and limited capacity of current influenza vaccine production does not always meet the sudden need for a large amount of vaccine.
Like other adjuvants, the mechanisms of enhanced immune response induced by rOv-ASP-1 are not fully understood. Recently, it has been reported that rOv-ASP-1 primarily binds to APCs and induces Th1-dominated pro-inflammatory cytokines [16] . Consistent with this finding, we observed that addition of rOv-ASP-1 to TIV enhanced not only total IgG, but more significantly the Th1 IgG2c response. Neither vaccine alone nor vaccine with alum induced detectable amounts of IgG2c. This difference in antibody response may be responsible for the difference in protection we observed after challenge with a lethal dose of influenza virus: mice immunized with influenza vaccine plus rOv-ASP-1 provided better protection than immunization with vaccine alone, which contrasts to the report that mice immunized with TIV plus alum suffer from more severe weight loss and have significantly higher virus loads in lungs than those receiving vaccine alone [28] . A recent study indicates that the Th1 response induced by influenza vaccine plays a more important role in protection against influenza infection [28] . Our results are consistent with this finding and further suggest that the Th1 response induced by influenza vaccine plus rOv-ASP-1 may play an important role in cross-protection against influenza infection.
After immunization with TIV, it usually takes about 2 weeks to generate an antibody response. Our results indicate that rOv-ASP-1 can accelerate the generation of an IgG response after vaccination, resulting in high levels of antibodies one week after primary immunization. This is particularly advantageous during an unanticipated pandemic. In addition, the time window between the availability of appropriate vaccines and the start of a seasonal epidemic can be very short in some years due to delay in vaccine manufacture or early outbreaks. An accelerated response induced by influenza vaccine would offer a major advantage in these situations.
The ideal influenza vaccines should offer broad cross-reactive immunity. Cross-reactive antibody usually targets the HA stalk region since it is the conserved part of HA [29] . Our results have shown that co-administration of rOv-ASP-1 can enhance the production of cross-reactive antibodies and confer protection against infection caused by a different influenza virus strain. It is unknown if this effect is due to the enhanced antibody response to the stalk region of HA. However, the lack of HAI positive antibodies against PR8 virus in plasma of mice immunized with TIV + rOv-ASP-1, but protection of these mice from subsequent PR8 influenza infection, suggest that the PR8 protection afforded by the vaccine plus rOv-ASP-1 may be not related to anti-PR8 HA globular head antibodies, but due to enhancement of cross-reactive antibodies targeting the HA stalk or other conserved antigenic sites.
It is interesting that primary immunization with TIV plus rOv-ASP-1 does not induce detectable antibody to PR8 nor prevent weight loss after challenge with PR8 but does result in survival of most mice. This is actually similar to what has been observed in the elderly population receiving TIV: they have low levels of antibody responses to the circulating influenza virus and show influenza symptoms when infected with influenza virus, but demonstrate less severe disease as indicated by fewer hospitalizations than non-immunized elderly who are infected with influenza [30] [31] [32] [33] [34] . A secondary immunization of elderly with TIV annually is not a realistic public health strategy. However, if the cross-reactivity observed in our studies was demonstrated to be a broad based cross-reaction against multiple strains of influenza (e.g. all H1N1), influenza vaccination may not need to be annual if the duration of the cross-reactive protection afforded by two immunizations of TIV plus rOv-ASP-1 is shown to be long lasting. A booster immunization with TIV plus rOv-ASP-1 is possible since it could protect against multiple strains of influenza thus eliminating the need for annual immunization. Currently, we are testing if rOv-ASP-1 can enhance antibody response and protection against influenza in aged mice after TIV immunization and if the protection is long lasting.
In summary, we report that the protein adjuvant rOv-ASP-1 enhances and accelerates the influenza-specific antibody response during immunization and confers increased protection in a mouse model. The rOv-ASP-1 enhances a stronger Th1-associated antibody response to influenza vaccine compared to the conventional adjuvant alum, and it enhances cross-reactive antibody responses. Importantly, rOv-ASP-1 enhances the protection afforded by an inactivated influenza vaccine after challenge with an antigenically distinct strain. Our results clearly demonstrate that rOv-ASP-1 is an effective adjuvant in accelerating and enhancing the specific antibody response induced by influenza vaccine, and has the potential to allow antigen sparing and enhance heterologous protection.
